Crystal engineering of coordination complexes has become an important research domain of modern inorganic chemistry. Herein, six Hg(II) coordination compounds containing 2-((pyridin-3-ylmethylene)amino)phenol and 4-((pyridin-4-ylmethylene)amino)phenol ligands were synthesized and characterized by single crystal X-ray crystallography and spectroscopic techniques. The crystal structure of these coordination compounds was studied using geometrical, Hirshfeld analyses as well as theoretical calculations. The results revealed the contribution of π-stacking, as well as hydrogen bonding interactions in the supramolecular architecture of these coordination compounds. This study may provide further insight into elucidating the role of weak non-covalent interactions on the supramolecular assembly of metalcontaining compounds. Salehi, S.; Bauzá, A.; Flanagan, K. J.; :
Introduction
Crystal engineering relies upon the understanding of intermolecular interactions and applying them for designing crystalline materials with desirable set of properties. 1, 2 Inorganic crystal engineering is the modelling, synthesis, and evaluation of the crystalline materials obtained from inorganic, organometallic, and bioinorganic building blocks. 3, 4 It is now well-known that the inherent properties of molecular crystal structures are rooted in the organization and relative orientation of constituent building blocks. 5 The results of the study in the field of inorganic crystal engineering revealed that the self-assembly of metal-containing species depends strongly on the structure of the organic ligands and their functionality which can provide a variety of complementary interactions such as hydrogen bonding, 6, 7 π-π staking, 8, 9 and halogen bonding 10, 11 between discrete sub-units. Thus, the rational design and selection of organic ligand is a crucial factor in the construction of inorganic solid-state structures. 12, 13 Beside the choice of the organic ligand, it was shown that different factors, such as the reaction conditions, [14] [15] [16] counter-ions, 17, 18 and the choice of metal ions, 19, 20 are also important in the construction of the final supramolecular architectures. In this regard, supramolecular chemists have designed a myriad of molecular scaffolds to clarify the inherent complexity of molecular self-association of inorganic and organometallic building blocks. These studies led to the discovery of several supramolecular synthons that can be used to design metallosupramolecular assemblies. [21] [22] [23] In line with our research interest on studying the crystal structure of metal-containing compounds, 8, [24] [25] [26] [27] (6) , where L1 is 2-((pyridin-3-ylmethylene)amino)phenol and L2 is 4-((pyridin-4ylmethylene)amino)phenol have been synthesized and characterized using single crystal X-ray diffraction and different spectroscopic methods. The crystal structure of these complexes were studied using geometrical, Hirshfeld surface analyses, and theoretical calculations. This study has revealed the importance of hydrogen bonding as well as π-π stacking interactions in governing the supramolecular architecture of these series of coordination compounds.
Experimental Section

Materials and Apparatus
Chemicals and reagents were purchased from commercial sources. 2-hydroxybenzaldehyde, 2methoxyaniline and anhydrous Hg(II) halides were purchased from Merck ® (Darmstadt, Germany) and used as supplied. The Schiff base ligands, 2-((pyridin-3ylmethylene)amino)phenol (L1) and 4-((pyridin-4-ylmethylene)amino)phenol (L2), were prepared according to the previously reported method. 28 The infrared spectra were recorded on a Nicolet Fourier Transform IR, Nicolet 100 spectrometer in the range 500-4000 cm -1 using the KBr disk technique. Elemental analyses (carbon, hydrogen and nitrogen) were performed using an ECS 4010 CHN-O made in Costech, Italy. Melting points were measured by an Electrothermal 9100 melting point apparatus and corrected.
Single-Crystal Diffraction Studies
Single crystal X-ray diffraction data for 3 were collected on a Bruker APEX 2 DUO CCD diffractometer by using graphite-monochromated MoKα (λ = 0.71073 Å) radiation. Handling of crystals followed procedures described before. 29 Crystals were mounted on a MiTeGen MicroMount and collected at 100(2) K by using an Oxford Cryosystems Cobra low-temperature device. Data were collected using omega and phi scans and were corrected for Lorentz and polarization effects by using the APEX software suite. Using Olex2, the structure was solved with the XT structure solution program, using the intrinsic phasing solution method and refined against │F 2 │ with XL using least squares minimization. 30 Hydrogen atoms were generally placed in geometrically calculated positions and refined using a riding model. For all other crystals, diffraction data were collected by the ω-scan technique at 100(1) K (1, 6), 130(1) K (4, 5) and at room temperature (2) on Rigaku XCalibur four-circle diffractometer with EOS CCD detector and graphite-monochromated MoKα radiation (λ=0.71073 Å). The data were corrected for Lorentz-polarization as well as for absorption effects. 31 Precise unit-cell parameters were determined by a least-squares fit of the reflections of the highest intensity, chosen from the whole experiment. The structures were solved with SHELXT-2013 and refined with the full-matrix least-squares procedure on F 2 by SHELXL-2013. All non-hydrogen atoms were refined anisotropically, hydrogen atoms were placed in idealized positions and refined as 'riding model' with isotropic displacement parameters set at 1.2 times Ueq of appropriate carrier atoms. The crystals of 1 were found to be twinned, and this was taken into account both in data reduction and in structure refinement. The BASF factor 32 refined at 35.2(6)%. In 4 the hydrogen atom of the terminal hydroxyl group is disordered over two positions with s.o.f.'s of 50%.
Interestingly, the atoms at these two alternative positions are involved in two different short hydrogen bonds, Details of data refinements can be found in Table 1 and further experimental and refinement detail can be found in the SI. CCDC-1939143 (for 1), 1939144 (for 2), 1937792 (for 3), 1939145 (for 4), 1939146 (for 5), and 1939147 (for 6) contains the supplementary crystallographic data for this paper. These data sets can be obtained free of charge from The Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.
Computational methods
The energies of the complexes included in this study were evaluated at the PBE0-D3/def2-TZVP level of theory using the crystallographic coordinates. These calculationshave been carried out using the TURBOMOLE 7.3 program. 33 We have also used the Grimme's dispersion 34 correction since it is adequate for the evaluation of the non-covalent interactions described in this work. The basis set superposition error for the calculation of interaction energies has been corrected using the counterpoise method. 35 The NCI plot 36 iso-surfaces have been used to characterize non-covalent interactions. They correspond to both favourable and unfavourable interactions, as differentiated by the sign of the second density Hessian eigenvalue and defined by the isosurface colour. The colour scheme is a red-yellow-green-blue scale with red for ρ + cut (repulsive) and blue for ρ − cut (attractive). Yellow and green isosurfaces correspond to weak repulsive and weak attractive interactions respectively. 37 The Gaussian-09 38 PBE-D/def2-TZVP wave function has been used to generate the NCI plot and the molecular electrostatic potential (MEP) surfaces using the 0.001 a.u. isosurface as a good estimation of the van der Waals surface and the surfaces have been visualized using the GaussView program. 38
Synthesis of ligands L1 and L2
Ligands L1 and L2 were synthesized by mixing equimolar amounts of 2-hydroxy aniline (5 mmol) and 3-pyridinecarboxaldehyde (5 mmol) and 4-hydroxy aniline (5 mmol), and 4pyridinecarboxaldehyde (5 mmol) in an ethanolic solution. The mixture was stirred for 15 min at 50°C, during which time a yellowish precipitate was formed. The yellowish precipitate was filtered off, washed with cold ethanol and dried in room temperature. 
Synthesis of coordination compounds [Hg(L1) 2 Cl 2 ] (1), [Hg(L1) 2 Br 2 ] (2), [Hg(L1) 2 I 2 ] (3), [Hg(L2) 2 Cl 2 ].H 2 O (4), [Hg(L2) 2 Br 2 ].MeOH (5) and [Hg(L2) 2 I 2 ].MeOH (6)
To a solution of 0.1 mmol HgX2 (X=Cl, Br, I) in 5 mL methanol, a solution of L1 or L2 (0.1 mmol) in 5 mL of methanol was added with stirring. The mixture was heated at 50˚C for about 30 minutes, followed by reduction of the solvent volume, resulting in the formation of a solid, bright yellow material. The precipitate was filtered, washed with cold methanol (3 × 2 mL), and dried in a desiccator. The solid was recrystallized in boiling methanol, ethanol or acetonitrile (10 mL) and filtered. Upon slow evaporation of the filtrate at room temperature, colourless crystals of 1-6 suitable for X-ray diffraction were collected within a week. 
Results and Discussion
Synthesis and characterization
Cambridge Structural Database (CSD) revealed that ligand L2 was previously utilized for the preparation of a number of coordination complexes. 39, 40 However, there are no crystal structures report using L1 as a ligand for the formation of metal complexes. The six and were crystallized from methanol, ethanol or acetonitrile in good yields. The coordination compounds were characterized using X-ray crystallography, FT-IR spectroscopy and Elemental analysis. ORTEP diagrams of 1-6 are drawn with 30% probability are shown in Figure S1 (supporting information).
Crystal structure analysis
Single crystal X-ray diffraction (SXRD) analyses revealed that compounds 1-3 are crystallized in the space groups P21/c (1 and 2) and P21/n (3) of the monoclinic system. The asymmetric units of 1-3 are identical and each consist of a Hg(II) ion, two coordinated L1 ligands and two halide ions. In these compounds, the metal centre is coordinated by two pyridinic nitrogen atoms of two different L1 ligands and two terminal halide ions. According to the fourcoordinate geometry index (τ4), defined by Houser and his co-workers, 41 the distorted tetrahedral geometry around Hg(II) ion can be better described as a seesaw structure, with a τ4 value of 0.719, 0.714 and 0.701, for compound 1 to 3 respectively. Thus, the coordination geometry around Hg(II) in compound 3 is even more distorted from ideal tetrahedral than in compound 1, due to the presence of a larger halide for a given metal ion. Selected bond distances and angles are listed in Table 2 . In these three compounds, the ortho-hydroxy group interact In these three coordination compounds, the supramolecular architecture is constructed by linking neutral discrete coordination complexes through the synergistic O-HꞏꞏꞏO, C-HꞏꞏꞏX, and C-Hꞏꞏꞏπ hydrogen bonding interactions in the ac-plane, Figure 2 , Table 3 . In the structure of compound 1, the M-XꞏꞏꞏH contacts form a repeating head-to-head network through C5A-H5AꞏꞏꞏCl1 (2.792(6) Å, 145.4(17)°) and head-to-tail network through C12B-H12BꞏꞏꞏCl2 (2.858(6) Å, 138.8 (14) ° as seen in Figure S2 . This is combined by an O-HꞏꞏꞏO interactions which are head-to-head in nature between O10B-H10BꞏꞏꞏO10B (2.251(18) Å, 140.2(7)° on one side of the molecule ( Figure S3 ) and O10A-H10AꞏꞏꞏO10A (2.177(19) Å, 143.7(7)°.
Additionally, the mononuclear units are stacked via C=Nꞏꞏꞏπ and weak Hgꞏꞏꞏπ to form the threedimensional supramolecular network, along the crystallographic c-axis ( Figure S4 ). Combining these interaction profiles results in the crystal packing seen in Figure S5 with the layers of Rather than the homo-interactions (AꞏꞏꞏA and BꞏꞏꞏB), a hetero-network is now present (AꞏꞏꞏB) between the hydroxy groups as seen in Figure S7 Figure S8 ). This results in a slightly looser packing than compound 1, however, the relative patterns are the same ( Figure S9 ).
In the structure of compound 3, the molecular arrangement is a mix between both compound 1 and 2. The M-XꞏꞏꞏH contacts is seen through the head-to-head interaction [C12B-H12BꞏꞏꞏI2 Figure S13 .
Hirshfeld surface analysis is a three-dimensional graphical tool which helps one understand the intermolecular contacts present in the crystal structure. 42 The contribution percentages of different interactions to the Hirshfeld surface areas are shown in Figure 5 SXRD revealed that compound 4 is a 1D coordination polymer built up from chloride-bridged Hg(II) edge-sharing octahedral extending along the crystallographic b-axis, Figure 3 . In this compound, the Hg(II) ion is in a distorted octahedral geometry with an N2Cl4 donor set provided by the four bridging chloride ions in the basal plane and two pyridine nitrogen atoms from two L2 ligands in the apical position, Table 2 . The intra-chain metalꞏꞏꞏmetal separation is 3.844 Ǻ and the HgꞏꞏꞏHgꞏꞏꞏHg intra-chain angle is 180˚ which is at the upper limit weak mercurophilic interactions. 43 44 The infinite 1D coordination polymer chain is further stabilized by weak intra-chain πꞏꞏꞏπ stacking interactions with ring centroid-to-centroid distances of 3.844 Å, Table 4 . As depicted in Fig. 3 , the overall supramolecular structure of compound 4 results from the association of neighbouring coordination polymer chains via a set of non-classical Cpy-HꞏꞏꞏCl-Hg, phenC-Hꞏꞏꞏπ hydrogen bonding interactions in the ac-plane, Table 3 . Also, the water molecule of crystallization links the polymeric chains through waterO-HꞏꞏꞏO-Hphen and imineC=NꞏꞏꞏH-Owater hydrogen bonding interactions ( Figure S14 ). Additionally, there is the presence of an O-HꞏꞏꞏO interaction between the phenol moieties ( Figure S15 ) which forms a continuous rod-like hydrogen bonded network between individual molecular units. These interactions above combine to form the crystal packing seen in Figure S16 . Figure 4 , Table 3, and Table   4 . The overall supramolecular architecture of compounds 5 and 6 is constructed by linking discrete coordination complexes via imineC-HꞏꞏꞏI-Hg, phenO-HꞏꞏꞏOMeOH and O-HꞏꞏꞏNimine hydrogen bonds in the ab-plane, Figure 4 . These interactions change the type of packing observed in compounds 5 and 6 to be an arrow-like stacking motif ( Figure S17 and S18) as apposed to the rod-like motif seen in compound 4. By looking at Figure S19 (5) and S20 (6) it is clear the methanol solvate plays a major role in complexing the individual molecular units to form an almost orthogonal orientation hydrogen bonded network in the crystal lattice. In contrast to compound 3 where a water molecule is included in the crystal lattice resulting in the parallel alignment of molecules. However, the almost co-planar alignment between ligands is a much larger driving force for this arrangement. Combining these features results in the wavelike pattern observed in Figure S21 (5) and S22 (6) .
Hirshfeld surface analysis of compounds 5 and 6 also revealed that upon the increase of the size of halide ion, the contribution of M-XꞏꞏꞏH hydrogen contacts increases (17.0 to 17.8%, respectively), while that of C-Hꞏꞏꞏπ (9.8 to 9.4%, respectively) and C=Nꞏꞏꞏπ (9.8 to 9.4%, respectively) decreases, Figure 5 . complexes. Due to the space occupied by the inclusion of a second ligand, the formation of dimers or polymers metallo-halide interactions is all but eliminated. This is why in essences compound 4 is an anomaly in this series by its preference to from a coordinate polymer. There are two main differences that can be expressed in this case when comparing compound 4 to either 5 or 6. The first one is the simple fact that either due to the higher charge density and lower ionic size of chlorine compared to either bromine or iodine allows the ligands to occupy an orientation (~180° for N-Hg-N). The second differences that the Cl-Hg bond in compound 4 is more in ionic in character with an X-M distances much larger than that of compound 1 and even greater than that of compound 6 (see Table 2 ). Finally, compared to compound 1, it is clear that no favourable conformation for L1 to occupy that would potentially result in the same coordinate polymer complex as compound 4.
Theoretical Study
The theoretical study is devoted to the analysis of the intermolecular π-interactions that govern the formation of supramolecular 1D columns in compounds 1-6 as described below, Figure 1 .
Initially, we computed the molecular electrostatic potential (MEP) plotted onto the approximate van der Waals surface (isosurface 0.001 a.u.) in order to investigate the electron rich and electron poor region of the molecule. We have selected compounds 1 and 5 as representative examples. The MEP surfaces are represented in Figure 6 . It can be observed that the most positive region is located at the hydrogens of the OH substituents, which exhibit MEP values of +36 and +54 kcal/mol, for 1 and 5, respectively. The smaller value observed for 1 is likely due to the formation of an intramolecular OHꞏꞏꞏN H-bond that decreases the acidity of the phenolic hydrogen. The most negative region is located at the Cl or Br ligands, as expected.
The MEP value is also negative at the phenolic O-atom (-23 kcal/mol). This analysis indicates that the most favoured interaction from an electrostatic point of view should be a H-bond between the Ar-OH and the halide ion. However, in the solid state, these OH groups establish H-bonds with either solvent molecules (MeOH) or with the phenolic O-atom, thus preventing the formation of OHꞏꞏꞏX interactions. Moreover, the inspection of the MEP surfaces also reveals that the MEP above the aromatic ring is either slightly positive or negative thus adequate for establishing π-interactions dominated by dispersion rather than electrostatic effects. A close examination of the dimer reveals that the halides are close to the π-system of the Hgcoordinated pyridine ring, which agrees well with the MEP analysis (see Figure 6 ) that shows that the MEP value over this ring is positive (+8.4 kcal/mol). Moreover, the N-atom of the imidic group is located over the π-system of the non-coordinated ring. We have evaluated the influence of the halide on the dimerization energy, and it can be observed that it is almost negligible. That is, all compounds present similar interaction energies (within the accuracy of the method) ranging from -35.8 to -34.2 kcal/mol and similar to the geometric features regarding Xꞏꞏꞏπ and Nꞏꞏꞏπ distances (denoted as d1 and d2, respectively in Figure 7b ). The interaction is very strong due to the large overlap of the π-systems and the Xꞏꞏꞏπ interactions.
In order to further characterize the non-covalent interactions, we have used the NCI plot index computational tool. Non-covalent interactions are efficiently visualized and identified by using the NCI plot index. It allows an easy assessment of host-guest complementarity and the extent to which weak interactions stabilize a complex. Figure 7c shows the NCI plot obtained for the dimer extracted from the infinite 1D column in compound 2. It can be observed the presence of very extended green isosurface that embraces the whole region between both molecules. Therefore, the complementary between both molecules is excellent, since practically the whole conjugated π-system of the ligand and the HgX2 moiety participate in the binding. This strongly agrees with the large interaction energies commented above. The NCI plot confirms the Xꞏꞏꞏπ interaction and also reveals that the halide ligands also interact attractively with the Hg(II) metal centre (denoted as HgꞏꞏꞏX). 1-3) is located over the π-system of the non-coordinated ring. Both compounds present equivalent interaction energies and geometric features thus indicating that the type of halide used has a very small influence of the assembly. The interaction is also strong but weaker compared to the other series of complexes (see Figure 7b) . A likely explanation is that the Xꞏꞏꞏπ interaction is weaker in this series of complexes because the MEP over the coordinated pyridine is significantly smaller in compound 4 (+1.2 kcal/mol) than in compound 1 (see Figure 6 ). We have also used the NCI plot index computational tool to assess the host-guest complementarity and the extent to which weak interactions stabilize this dimer. Figure 8c shows the NCI plot of the dimer of compound 5 and it can be observed that the presence of very extended green isosurfaces thus showing a high complementary. A smaller isosurface is located between both HgX2 moieties that are characteristic of the HgꞏꞏꞏX interaction.
Conclusion
Herein, six new coordination complexes of Hg(II) have been successfully synthesized and characterized using single crystal X-ray diffraction analysis and spectroscopic methods. The crystal structures of these compounds are the subject of geometrical and statistical analyses as well as theoretical calculations. Stacking interactions involving the organic ligands in the crystal structure result in 1D infinite supramolecular columns for all discrete compounds. We have used the molecular DFT calculations and evaluated energetically the strength of these contacts in these compounds. In addition to the formation of π-stacking interactions, the HgX2 moiety also participates in the reinforcement of the supramolecular assembly as shown by the NCI plot index. (7) 3.344 (12) 160.15 (7) x, y, z C13-H13ꞏꞏꞏO15 0.951(13) 2.525 (8) 3.282 (14) 136.7 (7) -1/2+x,3/2-y,+z C14-H14ꞏꞏꞏO1B 0.951(10) 2.544 (7) 3.3234 (14) 139.5 (7) x, y, z O15-H15ꞏꞏꞏO1B 0.841 (7) 1.877 (6) 2.709 (9) 170.0(6) 1/2+x,3/2-y,1+z
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